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clude stimulation of peripheral glucose uptake (25, 53, 55) , glycogen synthesis (55) , protein synthesis (23) , inhibition of glycogenolysis (26, 43) , and gluconeogenesis (7) . Attenuated responsiveness to the metabolic actions of insulin is termed insulin resistance. These metabolic alterations also exacerbate infection, retard recovery from disease, and lead to muscle wasting. Despite intensive investigation for a number of years, the molecular events responsible for insulin resistance in many pathological states, including stress and inflammation, still remain uncharacterized. Endotoxicosis is a pathological state associated with release of cytokines, systemic inflammation, hyperglycemia, insulin resistance, and the hypercatabolic state (43, 53) , which is related to the decreased anabolic effects of insulin (8, 48) .
Bacterial lipopolysaccharide (LPS) is a key mediator of many of the host responses resulting from gramnegative bacteremia and sepsis; it induces many genes involved in the immune, inflammatory, and acute phase responses. Among those genes, inducible nitric oxide synthase (iNOS) has been implicated in both protective (e.g., bactericidal) and detrimental host responses to sepsis and endotoxemia (46, 57, 59) . Mice with knockout of iNOS are resistant to LPS-induced hypotension (13, 27, 51) . Consistent with the data on iNOS knockout mice, an iNOS inhibitor, aminoguanidine (AG), reduced mortality after LPS administration to wild-type mice (51) . Other iNOS-involved adverse host responses to endotoxin include vascular hyperpermeability (12) , myocardial dysfunction (1), liver damage (24) , and gut barrier failure (10, 32) .
Accumulating evidence implicates a potential link between iNOS and insulin resistance. First, iNOS is expressed in insulin-sensitive tissues such as liver (18) , skeletal muscle (17) , and adipose tissue (37) . Second, pathological conditions exhibiting insulin resistance are associated with induction of iNOS. These condi-tions include infection (6) , sepsis, burn (33) , autoimmune deficiency syndrome (36) , and elevated levels of tumor necrosis factor-␣ (TNF-␣) (2, 19) and endotoxin (17, 18) . Third, treatment of muscle cells with LPS, TNF-␣, and interferon-␥ induced iNOS expression and impaired insulin-stimulated glucose uptake; the iNOS inhibitor AG reversed the altered glucose uptake (2) . Similarly, TNF-␣ attenuated insulin-stimulated p70 S6K activation, a key downstream molecule of insulin signaling, by inducing iNOS expression in pancreatic ␤-cells (19) . Consistent with these findings, nitric oxide (NO) donor impaired insulin-stimulated glucose uptake in muscle cells (17) , or decreased glycogen synthase activity and glycogen synthesis, and increased glycogen phosphorylase activity in primary hepatocytes (44) . Furthermore, NO donor administration caused hyperglycemia in dogs (30) and insulin resistance in elderly healthy subjects (31) . Finally, the iNOS inhibitor AG inhibited the development of hyperglycemia in genetically obese, diabetic (fa/fa) rats (42) and lowered blood glucose levels in genetically obese, diabetic (db/db) mice (35) .
Thus these previous findings reveal a close relationship between iNOS, or NO, and insulin resistance. However, the effects of iNOS inhibitor on insulin sensitivity have not been studied in vivo as yet, and the potential involvement of iNOS in disrupted glycemic control in endotoxicosis or sepsis remains unexplored. This study, therefore, tested the hypothesis that the endotoxin-induced increased expression of iNOS plays a role in hyperglycemia and insulin resistance. This aim was achieved by use of a specific, competitive inhibitor of iNOS, AG. The effects of AG on glycemic control in vivo and on proglycemic enzymes in the liver were examined.
EXPERIMENTAL PROCEDURES
Animals. Adult male Sprague-Dawley rats (176-200 g), purchased from Taconic Farms (Germantown, NY), were used for the study. The Institutional Animal Care Committee approved the study protocol. The Association accredits the animal care facility for Assessment and Accreditation of Laboratory Animal Care. The rats were housed in mesh cages in a room maintained at 25°C and illuminated in 12:12-h light-dark cycles; they were provided with standard rodent chow and water ad libitum.
Measurement of blood glucose and insulin levels in LPSand AG-administered rats. After overnight fasting (18 h), each of four groups of rats received the injection of saline alone (group I), saline plus AG (group II), LPS plus saline (group III), or LPS plus AG (group IV). Just after the intraperitoneal injection of LPS [20 mg/kg, derived from Escherichia coli Serotype 055:B5 (Sigma, St. Louis, MO)] or saline, AG (50 or 500 mg/kg, Sigma) or saline was injected intraperitoneally. Blood samples were obtained from the tail vein at 0, 60, 90, 120, 150, 180, and 240 min after LPS injection to measure glucose and insulin levels. Blood glucose was measured by an Elite glucometer (Bayer, Elkhart, IN). Insulin concentrations in plasma, obtained from blood with heparin sodium, were determined using an ELISA kit (Crystal Chem, Chicago, IL). The dose of AG (500 mg/kg) was chosen on the basis of the previous studies. In those studies, the same or similar doses of AG were used with efficacy to improve glycemic control in genetically obese, diabetic rats (42) or to inhibit iNOS activities in animal models with various diseases, including endotoxicosis (39, 58) , pancreatic ␤-cell damage (42, 47) , diabetes (both types I and II), wound healing (41) , and radiation-induced lung injury (50) .
Euglycemic hyperinsulinemic clamp study. The rats were anesthetized with an intraperitoneal injection of pentobarbital sodium (60 mg/kg), and catheters (PE-50, PE-10; BectonDickinson, Sparks, MD) were implanted into the right jugular vein and the left carotid artery, as described previously (15) . The catheters were filled with saline containing heparin sodium. At 5-6 days after the catheter placement, euglycemic hyperinsulinemic clamp studies were performed in awake, unrestrained rats in combination with the infusion of 3 H and 14 C radioactivity in the dried, reconstituted aliquots by ambient plasma glucose concentration. To measure the radioactivity of 2-deoxy-[
14 C]glucose in tissues, the frozen tissue samples were digested with 1 ml of 1 M NaOH at 60°C for 1 h and then neutralized with 1 ml of 1 M HCl. Aliquots of 150 l of digested tissue samples were mixed with 750 l HClO 4 (4% wt/vol) and then centrifuged. Thereafter, the radioactivity of 14 C in the supernatants was measured. Tissue glucose uptake (Rg) was calculated as follows (56)
where Cp is the steady-state plasma glucose concentration, C m * is the tissue accumulation of 2-deoxy-[ 14 C]glucose per unit mass, and C p * (t) is the plasma 2-deoxy[ 14 C]glucose concentration.
Calculation of hepatic glucose output. Hepatic glucose output was determined as previously described (38) . Briefly, glucose appearance rate was calculated as the ratio of the infusion rate of 3 H (disintegration/min) and the steady-state plasma [ 3 H]glucose specific activity (disintegration ⅐ min Ϫ1 ⅐ mg Ϫ1 ). The rate of hepatic glucose output was calculated as glucose appearance rate minus the glucose infusion rate (hepatic glucose output ϭ glucose appearance rate Ϫ glucose infusion rate).
Measurement of glycogen phosphorylase activity. The activities of glycogen phosphorylase in liver were measured as described previously (45) . Briefly, after the frozen liver samples were ground with a porcelain mortar and pestle in the presence of liquid nitrogen, 125 mg of powdered liver samples were homogenized using a Polytron PT-MR 3000 (Kinematika, Littau, Switzerland) at maximum speed for 30 s in 5 ml of buffer containing 50 mM 2-(N-morpholino)ethanesulfonic acid (MES), 150 mM potassium fluoride, 5 mM EDTA, and 5 g/ml leupeptin, pH 6.1. The homogenates were then centrifuged at 4°C for 10 min at 13,000 g. The supernatants were passed through the column (Micro Bio Spin Columns, BioRad Laboratories, Hercules, CA) to remove AMP. Aliquots of 30 l of the eluates were added to the assay buffer containing 50 mM MES, 50 mM sodium fluoride, 5 mM EDTA, 50 mM glucose 1-phosphate, 0.5 Ci/ml [ 14 C]glucose 1-phosphate (Amersham Pharmacia), 27 mM 2-mercaptoethanol, and 10 mg/ml glycogen. Total glycogen phosphorylase activities were measured in the assay buffer containing 3 mM AMP. Glycogen phosphorylase-a activities were measured in the presence of 0.75 mM caffeine, an inhibitor of glycogen phosphorylase-b, in the absence of AMP (10) . After the incubation at 25°C for 30 min, 25-l aliquots were spotted on a Whatman filter (Whatman, Clifton, NJ). Then the filters were dropped into cold 66% ethanol for 30 min to precipitate glycogen and washed twice with 66% ethanol. The filters were then subjected to the measurement of 14 C radioactivity with a liquid scintillation counter.
Detection of iNOS protein expression. iNOS expression was examined by immunoblotting. Sample preparation and immunoblotting were performed as previously described with minor modifications (16) . Briefly, the frozen liver samples were ground with a porcelain mortar and pestle in the presence of liquid nitrogen and thereafter were homogenized using a Polytron PT-MR 3000 at maximum speed for 30 s in lysis buffer (50 mM HEPES/NaOH, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 10% glycerol, 10 mM sodium fluoride, 2 mM sodium vanadate, 1 mM phenylmethylsulfonyl fluoride, 10 mM sodium pyrophosphate, 5 g/ml aprotinin, and 5 g/ml leupeptin). After the incubation on ice for 30 min, the homogenized samples were centrifuged at 13,000 g for 30 min. Aliquots of the supernatant containing equal amounts of protein, as determined by the Bradford protein assay, were subjected to 10% SDS-PAGE after the addition of Laemmli sample buffer and boiling for 5 min. After transferring electrophoretically to nitrocellulose membrane (BioRad), the membranes were blocked in 5% nonfat dry milk for 2 h at room temperature and incubated with anti-iNOS antibody (Upstate Biotechnology, Lake Placid, NY) for 2 h at room temperature. This was followed by the incubation with anti-rabbit IgG antibody conjugated with horseradish peroxidase (Amersham Pharmacia) for 30 min. Western blotting chemiluminescence luminol reagent (Santa Cruz Biotechnology, Santa Cruz, CA) visualized the blots. Bands of interest were scanned by MD-4000 (Alps Electric, San Jose, CA) and were quantified by use of National Institutes of Health Image 1.61 software (NTIS, Springfield, VA).
Measurement of iNOS activity. NOS activity was assayed by the conversion of L-[
14 C]arginine to L-[ 14 C]citrulline, as described previously (4) . Twenty-five microliters of tissue homogenate were added to 75 l of reaction buffer containing 50 mM HEPES (pH 7.4), 1 mM NADPH, 0.1 mM tetrahydrobiopterin, 600 nM calmodulin, 0.24 mM CaCl 2, 10 M FAD, 1 mM EDTA, 1 mM dithiothreitol, and 20 M L-arginine plus L-[ 14 C]arginine (Amersham Pharmacia). After incubation for 10 min at 37°C, the reaction was terminated with 500 l of stop solution containing 20 mM HEPES (pH 5.5) and 2 mM EDTA; it was applied to a 1-ml column of Dowex AG50Wx8 (Na ϩ form) (Bio Rad Laboratories), which was eluted with 500 l of water. L-[
14 C]citrulline was quantified by a liquid scintillation counter. iNOS activity was measured as Ca 2ϩ -independent NOS activities in the presence of 1 mM EGTA, being determined from the difference between samples with and without NOS inhibitor N G -monomethyl-L-arginine (L-NMMA, 10 mM; Calbiochem, San Diego, CA).
RNase protection assay. Total RNA was isolated from liver tissue using the QuickPrep Total RNA Extraction Kit (Amersham Pharmacia) according to the manufacturer's instructions. The fragment of cDNA for phosphoenolpyruvate carboxykinase (PEPCK) was obtained from rat total liver RNA (Ambion, Austin, TX) by RT-PCR by use of the primers of 5Ј-ggaggtcactcaggaatccagttcttc-3Ј and 5Ј-gcaacacgactctctagttataactac-3Ј, which was then subcloned into the pCR2.1 vector (Invitrogen, Carlsbad, CA). An antisense riboprobe was transcribed with T7 RNA polymerase (Ambion) by using [ 32 P]UTP (Amersham Pharmacia). RNase protection assays were carried out by using the RPA III kit (Ambion). Briefly, the riboprobe for PEPCK was hybridized with 20 g of total RNA extracted from rat liver at 42°C for 18 h followed by RNase A/T1 digestion at 37°C for 30 min. Protected fragments were heat denatured and separated on 5% denaturing polyacrylamide gels, dried, and exposed to film (Kodak BioMax MR, Rochester, NY). A rat ␤-actin antisense probe was used as a control. A cDNA fragment for ␤-actin was purchased from Ambion. Radioactive signals were scanned and quantitated by use of National Institutes of Health Image 1.61.
Statistical analysis. The data were compared using oneway ANOVA followed by Fisher's protected least significant difference test. The null hypothesis was rejected when P Ͻ 0.05. All values are expressed as means Ϯ SE.
RESULTS

Effects of AG in LPS-induced hyperglycemia and iNOS induction.
LPS administration led to hyperglycemia within 60 min. The maximal hyperglycemic response was observed at 90 min after LPS injection. The 50 mg/kg dose of AG did not change blood glucose levels (data not shown). However, 500 mg/kg of AG treatment abrogated the LPS-induced hyperglycemia but did not affect blood glucose levels in LPS-naive (saline-injected) rats (Fig. 1A ). LPS increased the insulin level. AG failed to modulate insulin levels in both saline-and LPS-injected rats (Fig. 1B) , suggesting that AG improved glycemic control in the LPS-injected rats through an effect on peripheral insulin sensitivity, and not by increasing insulin secretion from pancreatic ␤-cells.
iNOS protein expression in the liver was undetectable in saline-injected rats but was markedly induced in LPS-injected rats. AG did not affect iNOS expression ( Fig. 2A) . Consistent with the induction of iNOS protein expression, LPS administration caused a significant increase in iNOS activity. AG completely inhibited the LPS-induced increase in iNOS activity but did not affect iNOS activity in LPS-naive (saline-injected) rats (Fig. 2B) .
Effects of LPS and AG on whole body insulin sensitivity. A euglycemic hyperinsulinemic clamp study was performed to examine the effects of AG (500 mg/kg) on LPS-induced insulin resistance. Steady-state glucose level was achieved during the 60-to 90-min period after LPS injection. During steady-state glucose infusion, blood glucose levels did not differ among the four groups. The average blood glucose levels during the steady state of the animals treated with saline alone (LPS naive), AG alone, LPS alone, and LPSϩAG were 115.1 Ϯ 5.4 (SE), 109.8 Ϯ 3.8, 117.7 Ϯ 4.3, and 122.1 Ϯ 4.9 mg/dl, respectively. Whole body insulin sensitivity was judged by the glucose infusion rate required to maintain steady-state blood glucose levels between 60 and 90 min after LPS injection. The glucose infusion rate to maintain steady-state glucose level was significantly decreased in the rats administered LPS. AG reversed significantly the LPS-induced decrease in the requirement of glucose infusion rate. AG, when administered to LPS-naive (saline-injected) rats, also decreased glucose infusion rate significantly (Fig. 3) .
Effects of AG on insulin-stimulated glucose uptake in tissues. LPS significantly reduced tissue glucose uptake by skeletal muscle during the euglycemic hyperinsulinemic clamp. AG did not affect skeletal muscle glucose uptake in either saline-or LPS-injected rats (Fig. 4) . Glucose uptake by liver was unaltered by LPS; Fig. 2 . Effects of LPS and AG on inducible nitric oxide synthase (iNOS) expression and iNOS activity in liver. A: immunoblotting with anti-iNOS antibody demonstrated LPS-induced iNOS expression. iNOS was undetectable in saline-injected rats. AG failed to modulate iNOS expression in both LPS-and saline-injected rats. Values are means Ϯ SE; n ϭ 4/group. *P Ͻ 0.01 vs. rats treated with saline alone. B: effects of AG on iNOS activity are expressed as percent change compared with LPS-induced increase. iNOS activity was significantly increased in LPS-injected rats. AG reversed LPSinduced increase in iNOS activity but did not affect iNOS activity in saline-injected rats. The effect of AG is therefore not on iNOS protein expression but on iNOS activity itself, by competitive inhibition. Values are means Ϯ SE; n ϭ 4/group. *P Ͻ 0.05 vs. rats treated with saline alone; † † †P Ͻ 0.01 vs. rats treated with LPS ϩ saline. Fig. 1 . Effects of lipopolysaccharide (LPS) and aminoguanidine (AG) on blood glucose and insulin levels. Blood glucose and insulin levels were measured in rats with and without LPS (20 mg/kg) or AG (500 mg/kg). A: LPS injection led to the hyperglycemic response. AG significantly inhibited LPS-induced hyperglycemia but did not affect blood glucose levels in saline-injected rats. Group I, saline ϩ saline (n ϭ 5); group II, saline ϩ AG (n ϭ 5); group III, LPS ϩ saline (n ϭ 6); group IV, LPS ϩ AG (n ϭ 7). *P Ͻ 0.05 vs. group III (LPS ϩ saline). B: LPS injection increased plasma insulin levels, and AG did not affect insulin levels in both LPS-and saline-injected rats. *P Ͻ 0.05 vs. rats treated with saline alone.
the trend for decreased uptake by liver was not statistically significant. AG failed to alter insulin-stimulated glucose uptake by the liver. In contrast to liver and muscle, glucose uptake in adipose tissue was relatively low in all groups, with no differences observed between groups with and without AG.
Effects of AG on hepatic glucose output. Hepatic glucose output was calculated as glucose appearance rate minus the infusion rate. Hepatic glucose output was almost zero in saline-treated (LPS-naive) rats, because a large infusion dose of insulin suppressed hepatic glucose output completely. AG did not alter hepatic glucose output in control animals (LPS naive). LPS significantly increased hepatic glucose output. AG effectively decreased LPS-induced hepatic glucose output to the level of controls (Fig. 5) . This, therefore, contrasts with the ineffectiveness of AG on glucose uptake by liver and muscle in LPS-injected rats.
Effects of AG on glycogen phosphorylase activity and PEPCK mRNA expression. The data we have described suggest that the protective effects of AG on LPS-induced hyperglycemia and whole body insulin resistance might be accounted for mainly by inhibition of LPS-induced elevation of hepatic glucose output. Augmented hepatic glucose output is attributable to increased glycogenolysis and/or gluconeogenesis. Therefore, we examined the effects of AG on glycogen phosphorylase and PEPCK, key enzymes for glycogenolysis and gluconeogenesis, respectively. LPS upregulated both total glycogen phosphorylase activity and glycogen phosphorylase-a activity. AG restored both phosphorylase activities to the basal levels (Fig. 6, A  and B) . In contrast, phosphorylase activities were unaltered by AG in saline-injected rats (controls). The RNase protection assay demonstrated that LPS significantly increased PEPCK mRNA expression levels. AG inhibited LPS-induced increase in PEPCK expression (Fig. 7, A and B) but did not affect PEPCK mRNA level in saline-injected rats. The expression levels of housekeeping gene ␤-actin mRNA were unaltered by either LPS or AG.
DISCUSSION
The detrimental effects of LPS on glucose metabolism observed in the present study confirm the previous reports of altered glucose homeostasis in septic patients and animals administered LPS. The adverse effects on glucose homeostasis induced by LPS include hyperglycemia ( Fig. 1) (14, 21, 40) , whole body insulin resistance, as judged by the glucose infusion rate dur- Fig. 5 . Effects of LPS and AG on hepatic glucose output, which was calculated from glucose appearance rate and glucose infusion rate, as described in EXPERIMENTAL PROCEDURES. LPS induced a significant elevation in hepatic glucose output. AG restored increased hepatic glucose output to the control level but did not affect hepatic glucose output in saline-injected rats. Values are means Ϯ SE; n ϭ 4-7/ group. *P Ͻ 0.05 vs. rats treated with saline alone; † † †P Ͻ 0.05 vs. rats treated with LPS ϩ saline. Fig. 3 . Effects of LPS and AG on glucose infusion rate during euglycemic hyperinsulinemic clamp. The steady-state blood glucose level was achieved between 60 and 90 min after LPS injection. During the steady state, blood glucose levels did not differ among the 4 groups of rats (saline alone, salineϩAG, LPSϩsaline, and LPSϩAG). Glucose infusion rate to maintain normal blood glucose levels reflects whole body insulin sensitivity. LPS injection caused a profound reduction in glucose infusion rate; that is, insulin sensitivity decreased. AG significantly increased the glucose infusion rate in LPS-injected rats, indicating improved insulin sensitivity. On the other hand, AG decreased glucose infusion rate in saline-injected (LPS-naive) rats. Values are means Ϯ SE; n ϭ 4-7/group. *P Ͻ 0.05 vs. rats treated with LPS ϩ saline; §P Ͻ 0.05 vs. rats treated with saline alone. Fig. 4 . Effects of LPS and AG on insulin-stimulated glucose uptake in the peripheral tissues. Insulin-stimulated glucose uptake was evaluated by measuring tissue uptake of 2-deoxy-[
14 C]glucose during euglycemic hyperinsulinemic clamp. LPS significantly impaired insulin-stimulated glucose uptake in skeletal muscle. On the other hand, LPS did not significantly affect insulin-stimulated glucose uptake in liver and adipose tissue. AG failed to modulate insulinstimulated glucose uptake in both LPS-and saline-injected rats in all tissues studied. Values are means Ϯ SE; n ϭ 4-7/group. *P Ͻ 0.01, **P Ͻ 0.001 vs. rats treated with saline alone. ing euglycemic hyperinsulinemic clamp (Fig. 3) (25,  55) , attenuated insulin-stimulated glucose uptake in skeletal muscle (Fig. 4) (25, 53, 55) , elevated hepatic glucose output (Fig. 5) (40) , increased glycogen phosphorylase activities (Fig. 6) (26, 43) , and increased PEPCK expression (Fig. 7) (7) .
The salient new findings of the present study are that 1) the iNOS inhibitor AG decreased LPS-induced hyperglycemia and inhibited partially but significantly LPS-induced whole body insulin resistance (Figs. 1, 3) ; 2) AG completely blocked LPS-induced elevation in hepatic glucose output but did not alter insulin-stimulated glucose uptake in tissues (Figs. 4 and 5) ; 3) the LPS-mediated increases in glycogen phosphorylase activities (Fig. 6 ) and PEPCK mRNA expression (Fig. 7) were reversed by AG. The beneficial effects of AG were observed in LPS-injected rats in which iNOS was induced, but not in saline-injected rats where iNOS was undetectable (Fig. 1-7) . On the basis of these data, one can conclude that iNOS plays a pivotal role in hyperglycemia and hepatic insulin resistance of endotoxin and that AG inhibits LPS-induced hyperglycemia and hepatic insulin resistance mainly by reversing the detrimental effects of LPS on hepatic glucose output. The abrogation of LPS-induced increases in glycogen phosphorylase activities and PEPCK expression probably contributed to the protective effects of AG. These findings are consistent with other reports that iNOS plays a key role in the deleterious host responses to endotoxin.
The protective effects of the specific iNOS inhibitor (Fig. 5) contrasts with an earlier study demonstrating that nonselective iNOS inhibition of all NO synthase Fig. 7 . Effects of LPS and AG on phosphoenolpyruvate carboxykinase (PEPCK) mRNA expression. PEPCK RNA expression in liver was examined by RNase protection assay. LPS significantly increased PEPCK mRNA expression, and AG inhibited LPS-induced increase in PEPCK mRNA expression. On the other hand, ␤-actin mRNA expression did not differ in liver among the rats treated with or without LPS or AG. Top: typical blots of RNase protection assay. Values are means Ϯ SE; n ϭ 4-7. *P Ͻ 0.01 vs. rats treated with saline alone; † † †P Ͻ 0.05 vs. rats treated with LPS ϩ saline. Fig. 6 . Effects of LPS and AG on glycogen phosphorylase activity. LPS upregulated the activities of both total glycogen phosphorylase and glycogen phosphorylase-a in liver. AG inhibited the LPS-induced activation of both total glycogen phosphorylase and glycogen phosphorylase-a (A and B) . On the other hand, AG did not alter glycogen phosphorylase activities in saline-injected rats. Neither LPS nor AG affected the ratio of the activities of glycogen phosphorylase-a and total glycogen phosphorylase (C). Values are means Ϯ SE; n ϭ 4-7. *P Ͻ 0.01 vs. rats treated with saline alone; † † †P Ͻ 0.01 vs. rats treated with LPS ϩ saline. CPM, counts/min. isoenzymes (iNOS, endothelial NOS, and neuronal NOS) did not cause a statistically significant decrease in elevated hepatic glucose output in LPS-administered pigs (49) . The nonspecific nature of the NOS inhibition may account for the lack of significant difference or effectiveness.
Although AG is known to be capable of inhibiting advanced glycation end product (AGE) formation as well as iNOS, the doses of AG needed to inhibit AGE formation and iNOS differ substantially. Relatively low doses (50 mg/kg body wt) of AG are sufficient to inhibit AGE formation when administered to rodents. In contrast, higher doses of AG (125-500 mg/kg body wt) are needed to inhibit LPS-induced iNOS activity (39) . There is no report of increased AGE formation induced by LPS. Taken together, on the basis of our data that the low dose of AG (50 mg/kg body wt) was ineffective but that the higher dose of AG (500 mg/kg body wt) was required to inhibit LPS-induced hyperglycemia, AG is likely to exert its protective effects by inhibiting iNOS activity but not by blocking AGE formation. In addition, our preliminary experiment (data not presented) showed that another iNOS inhibitor, S-methylthiourea (SMT), also significantly decreased blood glucose levels in LPS (3 mg/kg iv)-injected rats, despite the fact that SMT does not inhibit AGE formation. [Blood glucose levels in rats treated with LPSϩsaline, LPSϩSMT (5 mg/kg), and LPSϩSMT (50 mg/kg) were 106.3 Ϯ 14.3 (SE), 95.7 Ϯ 9.7, and 56.3 Ϯ 0.8 mg/dl, respectively; P Ͻ 0.01, LPSϩsaline vs. LPSϩSMT (50 mg/kg)]. These data are supportive of a role for iNOS in LPS-induced derangements in glucose metabolism.
LPS impaired insulin-stimulated glucose uptake in skeletal muscle, the major tissue for insulin-mediated glucose uptake (Fig. 4) . LPS-induced alterations in the insulin-stimulated glucose uptake were not observed, however, in liver and adipose tissue. This selective impairment in skeletal muscle is in accordance with the previous reports in septic rats (20, 22) but not with another study showing that LPS impaired insulinstimulated glucose uptake not only in skeletal muscle but also in liver and adipose tissue (25) . This apparent discrepancy may be explained by the differences in the experimental design, such as insulin infusion rates, the body weight of animals, and the doses of endotoxin. AG was ineffective in reversing the attenuated insulinstimulated glucose uptake by skeletal muscle in LPSinjected rats (Fig. 4) . Therefore, LPS seems to exert its adverse effects on insulin-stimulated glucose uptake in skeletal muscle by an iNOS-independent mechanism. LPS-induced insulin resistance in skeletal muscle is postulated to be mediated by a ␤-adrenergic mechanism, a conclusion that was based on the protective effects of the ␤-adrenergic antagonist propranolol (20) .
AG administration resulted in a modest but significant decrease in glucose infusion rate during the hyperinsulinemic euglycemic clamp in control (LPS-naive) rats, whereas it induced a significant increase in glucose infusion rate in LPS-injected rats (Fig. 3) . The biological significance and mechanism for the decreased glucose infusion rate in controls during AG therapy are unclear. However, the AG-induced decrease in glucose infusion rate in controls is unlikely to be attributable to the effects of iNOS, because iNOS was not induced (Fig. 2) ; neither glucose uptake in skeletal muscle, liver, and adipose tissue nor hepatic glucose output was affected by AG in control rats (Figs.  4 and 5) .
Increased hepatic glucose output is responsible for fasting hyperglycemia (48) . Because AG did not alter insulin levels, one can conclude that the normoglycemic action of AG is not via pancreatic ␤-cells to increase insulin secretion but a peripheral action on target tissues. The attenuation of elevated hepatic glucose output by the iNOS inhibitor accounts for its potential normoglycemic effects after a hyperglycemic response to LPS. In contrast, the relatively modest amelioration of glucose infusion rate by AG in LPStreated animals during euglycemic hyperinsulinemic clamp may be explained by the failure to mitigate the impaired glucose uptake in skeletal muscle. When these observations are taken together, therefore, one can conclude that the mechanisms underlying LPSinduced insulin resistance differ between tissues, and that iNOS-dependent and iNOS-independent mechanisms may play major roles in the derangement in insulin actions in liver and skeletal muscle of LPSinjected rats, respectively.
Glycogenolysis and gluconeogenesis are the two major biochemical pathways for hepatic glucose production. Glycogen phosphorylase is a key enzyme responsible for glycogenolysis. Glycogenolysis is increased by LPS (5, 28) . A recent study (29) demonstrating that the inhibition of glycogen phosphorylase lowered hyperglycemia of genetically obese, diabetic (ob/ob) mice emphasizes the important role of glycogen phosphorylase in hyperglycemia in diabetes mellitus. In our study, the parallel relationship between induction of glycogen phosphorylase activity and hyperglycemia and the normalization of the enzyme activity with AG and attenuation of hyperglycemia suggest a role for glycogen phosphorylase activity in the hyperglycemic response to LPS. However, little is known about how glycogenolysis and glycogen phosphorylase activity are upregulated by endotoxin.
Glycogen phosphorylase, when phosphorylated by cAMP-dependent glycogen phosphorylase kinase, becomes activated and is called "glycogen phosphorylasea"; the dephosphorylated form is inactive and referred to as "glycogen phosphorylase-b." Glycogen phosphorylase-b (inactive form) is subject to allosteric activation with AMP, and in the presence of AMP, glycogen phosphorylase-b is as active as glycogen phosphorylase-a. Thus the activities measured in the presence and absence of AMP represent those of total (a ϩ b) glycogen phosphorylase and glycogen phosphorylase-a alone, respectively. The present study reveals that LPS increased the activities of both total and glycogen phosphorylase-a without affecting the ratio between the total enzyme and the phosphorylated fraction of the enzyme (Fig. 6) . These results indicate that the activa-tion of glycogen phosphorylase by LPS is not mediated by glycogen phosphorylase kinase or the phosphorylation status of the enzyme.
It is noteworthy that ␤-adrenergic agonists activate and insulin inactivates glycogen phosphorylase by altering phosphorylation status, namely the ratio of phosphorylase-a to total phosphorylase (aϩb) [a/total(aϩb)] (34, 52) . In this study, LPS and AG modulated the enzyme activities, with no change in a/total(aϩb) (Fig. 6C) . This finding is consistent with the assumption that LPS-induced hepatic insulin resistance is ␤-adrenergic independent. It is also suggested that phosphorylase activation might be one of the primary events of hepatic insulin resistance, rather than just a consequence secondary to insulin resistance, considering that phosphorylase activation resulting from insulin resistance, namely, decreased insulin action, would be accompanied by an increase in a/total(aϩb). Combined with a previous report showing that an NO donor increased glycogen phosphorylase activity and glycogenolysis (3, 44, 52) , the protective effects of AG on LPS-induced glycogen phosphorylase activation in the present study indicate that LPS upregulated glycogen phosphorylase activity by inducing iNOS.
Gluconeogenesis is upregulated in sepsis in the fasting condition (9) . PEPCK, a rate-limiting enzyme for gluconeogenesis, is known to be induced by LPS and sepsis (7) . The activities of PEPCK are considered to be regulated by its expression levels, and increased expression of PEPCK has been assumed to play a critical role in elevated hepatic glucose production in sepsis and endotoxicosis, as well as type 2 diabetes. Our results of the inhibitory effects of AG on PEPCK expression (Fig. 7) suggest that iNOS may also be involved in PEPCK induction by LPS.
